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The Y-linked gene Sry regulates mammalian sex
determination in bipotential embryonic gonads.
Here, we report that the transcription factors Six1
andSix4are required formalegonadal differentiation.
Loss of Six1 and Six4 together, but neither alone,
resulted in a male-to-female sex-reversal phenotype
in XY mutant gonads accompanied by a failure in
Sry activation. Decreased gonadal precursor cell for-
mation at the onset of Sry expression and a gonadal
size reduction in both sexes were also found in
mutant embryos. Forced Sry transgene expression
in XYmutant gonads rescued testicular development
but not the initial disruption to precursor growth.
Furthermore, we identified two downstream targets
of Six1/Six4 in gonadal development, Fog2 (Zfpm2)
and Nr5a1 (Ad4BP/Sf1). These two distinct Six1/
Six4-regulatedpathways are considered tobe crucial
for gonadal development. The regulation of Fog2
induces Sry expression in male sex determination,
and the regulation of Nr5a1 in gonadal precursor
formation determines gonadal size.
INTRODUCTION
Duringmammalian sex determination, expression of the Y-linked
gene Sry (sex determination region on Y chromosome) shifts the
bipotential embryonic gonad toward a testicular fate (Sinclair
et al., 1990; Koopman et al., 1991). The fate of the embry-
onic gonad further determines the sex of an individual and of
germ cells.
The genital primordium, the genital ridge, forms on the ven-
tral surface of the mesonephros as paired thickenings of the
epithelial layer at around embryonic day (E) 9.5 in mice. This is
accompanied by a proliferation of the coelomic epithelium, the
precursor of somatic lineages of the gonad that specifically
expresses orphan nuclear receptor adrenal 4 binding protein416 Developmental Cell 26, 416–430, August 26, 2013 ª2013 Elsevie(Ad4BP) (also known as nuclear receptor subfamily 5, group A,
member 1 [Nr5a1] or steroidogenic factor1 [Sf1]). Some Nr5a1-
positive daughter cells further express Sry to become Sertoli
cell precursors by E10.5. Soon after Sry is expressed, Sry-
related HMG box 9 (Sox9) is upregulated in the Sertoli cell pre-
cursors (Albrecht and Eicher, 2001; Bullejos and Koopman,
2001; Hatano et al., 1996; Schmahl et al., 2000; Sekido et al.,
2004; Sekido and Lovell-Badge, 2007). Transgenic analysis
has demonstrated that the expression of either Sry or Sox9 in
the bipotential gonad is sufficient to induce the male develop-
mental program (Koopman et al., 1991; Vidal et al., 2001).
Despite the identification of Sry as the testis-determining gene
in mammals, genetic interactions controlling the earliest steps of
male sex determination remain poorly understood. There is little
molecular information about the regulation of Sry in vivo: genetic
inactivation of friend of GATA2 (Fog2; also known as zinc
finger protein, multitype 2, Zfpm2); Gata4ki, which abrogates
the interaction of Gata4 with Fog; polycomb group gene M33
(also known as Cbx2); and Wilms tumor 1 homolog (Wt1) +KTS
(isoform with lysine, threonine, and serine) resulted in reduced
Sry expression and a sex-reversal phenotype (Tevosian et al.,
2002; Katoh-Fukui et al., 1998; Hammes et al., 2001). In vitro
biochemical analyses have demonstrated that WT1, NR5A1,
SOX9, GATA4, and SP1 can bind to and transactivate human
or pig SRY promoters (de Santa Barbara et al., 2000; Hossain
and Saunders, 2001; Shimamura et al., 1997; Pilon et al., 2003;
Miyamoto et al., 2008; Desclozeaux et al., 1998). Mutant mouse
analyses have also revealed thatNr5a1, LIM homeobox 9 (Lhx9),
empty spiracles homeobox 2 (Emx2), andWt1-KTS (absence of
lysine, threonine, and serine) are essential for the formation and
development of the bipotential gonadal primordium (Luo et al.,
1994; Shinoda et al., 1995; Sadovsky et al., 1995; Birk et al.,
2000; Miyamoto et al., 1997; Wilhelm and Englert, 2002).
The Six1 and Six4 genes belong to the mammalian homolog of
the Drosophila sine oculis homeobox (Six) family, including six
member genes (Six1–Six6) in the mouse genome. These genes
encode transcriptional factors with characteristic Six domains
and homeodomains (Kawakami et al., 2000). Six1 and Six4 are
reported to bind to the MEF3 site (consensus sequence,
TCAGGN/t) and transactivate myogenic regulatory factor family
genes such asmyogenin andMyf5 (Parmacek et al., 1994; Spitzr Inc.
(legend on next page)
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same genomic region (within 100 kb on chromosome 12) and
have highly overlapping tissue expression during mouse
embryogenesis (Kawakami et al., 2000). This suggests that
Six1 and Six4 may have redundant functions. Accordingly,
Six1/Six4 double-knockout (Six1/Six4 dKO) mouse embryos
are phenotypically different from Six1 or Six4 single-knockout
mouse embryos, which points to their redundant functions in
the development of limbs, skeletal muscle, sensory neurons,
and kidney (Giordani et al., 2007; Grifone et al., 2005; Konishi
et al., 2006; Kobayashi et al., 2007). For example, we previously
reported that Six1 and Six4 are coexpressed in the kidney pri-
mordium. Six1/Six4 dKO embryos showed severe kidney agen-
esis rather than the kidneymalformation phenotypes observed in
Six1–/– embryos (Kobayashi et al., 2007). By contrast, Six4–/–
mice had no apparent abnormalities, including kidney formation
(Ozaki et al., 2001).
Here, we report that Six1 and Six4 are required for genital pri-
mordium formation and testicular differentiation of male gonads.
Overlapping expression patterns of Six1 and Six4 were found in
the coelomic epithelium of the forming genital ridges. Loss of
both Six1 and Six4 activities, but neither alone, led to impaired
testicular differentiation with reduced Sry expression. A reduc-
tion of gonadal precursors at the onset of Sry expression and a
reduction of gonadal size were found in both XX- and XY-Six1/
Six4 dKO embryos. Forced Sry transgene expression in XY-
Six1/Six4 dKO gonads rescued testicular development, but the
initial disruption to precursor cell growth was not rescued. We
further identified Fog2 and Nr5a1 as downstream targets of
Six1/Six4 in gonadal development. Our findings highlight that
Six1 and Six4 may regulate two distinct pathways: the regulation
of Fog2, which is implicated in Sry upregulation in male sex
determination; and the regulation of Nr5a1, which is implicated
in controlling initial gonadal precursor cell growth in gonadal
size determination.
RESULTS
XY-Six1/Six4 dKO Embryonic Gonads Fail
to Differentiate into the Testis
Six1/Six4 dKO mice died soon after birth and showed various
organs defects (Grifone et al., 2005; Konishi et al., 2006; Kobaya-
shi et al., 2007). We examined Six1/Six4 dKO neonatal mice and
found that, compared with XY-wild-type testis (Figures 1A–1B0),
approximately 90% of XY-Six1/Six4 dKO gonads failed to
develop normally into testis and instead showed ovary-likeFigure 1. XY-Six1/Six4 Double-Knockout Gonads Fail to Differentiate i
(A–H0) Histological analyses of neonatal (P0) gonads. (A, C, E, and G) Whole-moun
and H0) Magnified view of the boxed areas in (B), (D), (F), and (H), respectively. No
compared with (A) P0 XY-wild-type testis (t) and (E) XX-WT ovary (ov). Testicular tu
dKO gonad. In addition, Six1/Six4 dKO gonads showed undersized developmen
(I–N) In situ hybridization sections of (I–K) 3-b-HSD and (L–N) Mis in E18.5 gonad
(O and P) Immunostaining for laminin (green) in E14.5 gonads. Note that laminin-
(A–B0, I, L, and O) XY-WT. (C–D0, J, M, and P) XY-Six1/Six4 dKO. (E–F0, K, and N)
200 mm (B, D, F, H, and I–N), 100 mm (O and P), and 50 mm (B0, D0, F0, and H0).
(Q and R) Gene expression analyses in E13.5 gonads. Quantitative RT-PCR dem
Cyp26b1, FGF9, and Gata4 and significant upregulation of the ovarian pathway g
0.001 by Student’s t test; n = 3). Error bars indicate SD.
See also Figure S1.
418 Developmental Cell 26, 416–430, August 26, 2013 ª2013 Elseviemorphology (Figures 1C–1D0). For example, seminiferous tubular
structures were observed in the entire area of XY-WT testis
(Figure 1B0, arrows), but were missing or partially deficient
(Figure 1D0) in dKO testis. In situ hybridization showed that the
expression of 3-b-hydroxysteroid dehydrogenase (HSD) in
Leydig cells and Mu¨llerian inhibiting substance (Mis/Amh) in
Sertoli cells was significantly reduced in E18.5 XY-Six1/Six4
dKO gonads compared with XY-WT testes. The expression of
these genes was not found in XX-WT ovaries (Figures 1I–1N).
By contrast, XX-Six1/Six4 dKO neonatal gonads seemed to
develop normally (Figures 1G–1H0), similar to XX-WT ovaries
(Figures 1E–1F0). However, Six1/Six4 dKO gonads were under-
sized in both sexes, compared with their WT counterparts (Fig-
ures 1A–1H0). Neither Six1 nor Six4 single-knockout embryos
showed this deficiency in gonadal formation and sex differentia-
tion in either sex (data not shown). Overlapping expression pat-
terns of Six1 and Six4 were found in the Nr5a1-positive genital
ridge region in E11.5 embryos (Figures S1A–S1G available
online). Sorted Six1-GFP-positive, but not GFP-negative, cells
from E11.5 Six1/Six4 double-heterozygous (dHet) genital ridges
showed further overlapping expression of Six1 and Six4 (Fig-
ure S1H), suggesting that Six1 and Six4 have redundant func-
tions in gonadal development. Six1 and Six4 seemed also to
be expressed in Pou5f1-positive primordial germ cells, because
Pou5f1 expression was found in Six1-GFP-positive cells (Fig-
ure S1H). Additionally, Six1 and Six4 did not show a sex-specific
expression pattern in E11.5 gonads (Figure S1I).
At E13.5, testis cords, visualized by laminin staining, were
formed in XY-WT gonads (Figure 1O), whereas their formation
was impaired in XY-Six1/Six4 dKO gonads (Figure 1P). Real-
time quantitative RT-PCR (qRT-PCR) analyses showed that
expression of the testicular pathway genes, such as P450ssc
(Cyp11a1), Mis, retinoic acid hydroxylase (Cyp26b1), fibroblast
growth factor 9 (FGF9), andGata4, were not significantly upregu-
lated in E13.5 XY-Six1/Six4 dKO gonads (Figure 1Q). Instead,
expression of the ovarian pathway genes, such as Forkhead
box L2 (Foxl2),Wnt4, and Follistatin (Fst), were significantly upre-
gulated (Figure 1R). Furthermore, germ cells in E15.5 XY-Six1/
Six4 dKO gonads had entered the pachytene stage of meiotic
division, demonstrated by the expression of meiotic-specific
synaptonemal complex protein 3 (Sycp3) (data not shown). This
is never found in XY-WT gonads at this stage. However, it is
consistent with the downregulation of Cyp26b1 in XY-Six1/Six4
dKO gonads (Figure 1Q), because male-specific Cyp26b1 activ-
ity in embryonic gonads prevents germ cells from entering
meiotic division (Bowles et al., 2006; Koubova et al., 2006).nto Testis
t view. (B, D, F, and H) Hematoxylin and eosin (HE)-stained sections. (B0, D0, F0,
te that (C) P0 XY-Six1/Six4 dKO gonads showed ovary-like morphology (ov0 ),
bules were formed in (B0) P0 XY-WT gonad (arrows) but not in (D0) XY-Six1/Six4
t in both sexes. ep, epididymis.
s.
positive testis cord was not formed in XY-Six1/Six4 dKO gonads.
XX-WT. (G–H0) XX-Six1/Six4 dKO. Scale bars represent 1 mm (A, C, E, and G),
onstrated significant reduction of the testicular pathway genes p450scc, Mis,
enesWnt4, Foxl2, and Fst in E13.5 XY-Six1/Six4 dKO gonads (*p < 0.01, **p <
r Inc.
Figure 2. Sex Determination Gene Expression Is Reduced in XY-Six1/Six4 dKO Gonads
(A–H) Downregulation of Sox9 and reduction of Sox9-positive cells in XY-Six1/Six4 dKO gonads. (A and B) Whole-mount in situ hybridization of Sox9 in (A) E12.5
XY-WT and (B) XY-Six1/Six4 dKO gonads. (C, D, F, and G) Immunostaining for Sox9 (red) in (C, F, and F0) XY-WT and (D, G, and G0) XY-Six1/Six4 dKO gonads. (C,
D, and F0) E12.5. Dashed lines in (C) and (D) indicate the gonad, and in (F0) indicate forming testis cord. (E) qRT-PCR analysis demonstrated a significant reduction
in Sox9 expression in E12.5 XY-Six1/Six4 dKO gonads (*p < 0.025; n = 3). Error bars indicate SD. (F–G0) E13.5. (F0 and G0 ) Magnified view of the boxed areas in (F)
and (G), respectively. (H) The mean number of Sox9-positive cells in E13.5 XY-wild-type gonads (461 ± 38 [means ± SD] cells/section) was significantly higher
than that in Six1/Six4 dKO gonads (94 ± 12 cells/section; **p < 0.001; n = 4). Error bars indicate SD.
(I–K) Significant reduction of Sry expression in E11.5 (ts18) XY-Six1/Six4 dKO gonads. (I) Immunostaining for Gata4 (red) and Sry (green), and nuclear staining with
DAPI (blue). (I and I0) E11.5 (ts18) XY-WT. (J and J0) XY-Six1/Six4 dKO gonads. (I0 and J0) Magnified view of the boxed areas in (I) and (J), respectively. (K) qRT-PCR
analyses of Sry in XY gonad at E10.5 (ts8), E11.5 (ts18), and E12.5 (ts28–ts30). Sry expression was significantly downregulated in E11.5 Six1/Six4 dKO gonads,
when Sry expression peaks in the WT. Error bars indicate SD. **p < 0.001 (n = 3).
Scale bars represent 500 mm (A and B), 50 mm (C and D), 200 mm (F and G), and 100 mm (I and J). See also Figure S2.
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We then examined the expression of the sex determination
genes Sry and Sox9 in XY-Six1/Six4 dKO gonads. At E12.5,DevelopSox9 expression was reduced in these gonads compared with
their XY-WT counterparts as shown by in situ hybridization,
immunohistochemistry, and qRT-PCR (Figures 2A–2E). In the
mutant gonads, a few cells showed high Sox9 expression similarmental Cell 26, 416–430, August 26, 2013 ª2013 Elsevier Inc. 419
Figure 3. Six1/Six4 Regulate Sry Activation via Fog2
(A) qRT-PCR analyses of Fog2, Gata4, Cbx2,WT1 (+KTS), and Gadd45g, genes implicated in the activation of Sry, in E10.5 XY-Six1/Six4 dKO undifferentiated
genital ridges. Only Fog2 showed a significant reduction in XY-Six1/Six4 dKO genital ridges (**p < 0.01; n = 3). Error bars indicate SD.
(B–G) Downregulation of Fog2 expression in XY-Six1/Six4 dKO gonads. (B–C0) Whole-mount in situ hybridization of Fog2 in (B and B0) XY-WT and (C and C0) XY-
Six1/Six4 dKO E11.0 (ts10) genital ridges. Dashed lines in (B) and (C) indicate the position of the sections for (B0 ) and (C0), respectively. (D and E) Immunostaining
for Fog2 (green) in E11.0 (ts11) genital ridges. (D) WT. (E) Six1/Six4 dKO. Arrowheads in (D) and (E) indicate Fog2-positive cells. (F) Immunostaining for Fog2
(green) and Nr5a1 (red) in E9.5, E10.5 (ts1), and E10.5 (ts5) WT and Six1/Six4 dKO forming genital ridges. At E9.5, Fog2 expression was undetectable. At E10.0–
E10.5, Fog2 expression was increased in WT but not in the Six1/Six4 dKO genital ridge-forming region, where Nr5a1-positive gonadal precursor cells were
generated (dashed lines). Nuclei were stained with DAPI (blue). Scale bars represent 200 mm (B and C) and 50 mm (D and F). (G) qRT-PCR analyses showed that
Fog2 was upregulated from E9.5 to E10.5 (ts7–ts9) in WT, but not in Six1/Six4 dKO genital ridges (***p < 0.001; n = 3). Error bars indicate SD.
(H) Luciferase reporter assay for the Fog2 promoter (ca. 500 bp), which contains the Six1/Six4 binding site (MEF3), in COS7 cells. Six1/Six4 significantly activated
the Fog2 reporter construct (***p < 0.001; n = 8), whereas Six1/Six4 failed to activate the Fog2 reporter construct with mutated MEF3 sites (mut MEF3 site) that
abolishes Six1/Six4 binding (***p < 0.001; n = 8). Error bars indicate SD.
(legend continued on next page)
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ures 2C and 2D). In accordance with the center-to-pole Sry
expression pattern in the gonad (Albrecht and Eicher, 2001; Bul-
lejos and Koopman, 2001), strongly Sox9-positive cells were
found predominantly in the central region of E12.5 XY-Six1/
Six4 dKO gonads (Figures 2A–2D). At E13.5, strongly positive
cells were predominantly found in the pole regions, especially
at the posterior region of the gonads (Figures 2F–2G0). It is
possible that the high level of Sox9 expression in a small
population of cells, which have reached a threshold level of Sry
expression, might be not maintained in XY-Six1/Six4 dKO
gonads. This is because FGF9, which is required for the mainte-
nance of these high levels (Kim et al., 2006), was significantly
downregulated in E13.5 XY-Six1/Six4 dKO gonads (Figure 1Q).
Additionally, the ovarian pathway geneWnt4, which is implicated
in repressing the Sox9-FGF9 positive-feedback loop in XX
gonads (Kim et al., 2006; Chassot et al., 2008; Maatouk et al.,
2008; Tomizuka et al., 2008; Bernard et al., 2012), was also up-
regulated in E13.5 XY-Six1/Six4 dKO gonads (Figure 1R). There-
fore, no or only a few Sox9-positive cells persisted in XY-Six1/
Six4 dKO gonads at the later stages (Figure 6H and data not
shown).
The number of Sox9-positive cells, which might be correlated
with the number of high-Sry-expressing cells, was significantly
reduced in E13.5 XY-Six1/Six4 dKO gonads (Figures 2F–2H).
Accordingly, Sry expression was significantly reduced in the
E11.5 XY-Six1/Six4 dKO genital ridge, when Sry expression
peaks. By immunostaining, high Sry expression was found
in Gata4-positive gonadal precursor cells in E11.5 WT genital
ridges but not in the XY-Six1/Six4 dKO (Figures 2I–2J0).
Low Sry expression was found in Gata4-positive cells in
XY-Six1/Six4 dKO genital ridges (Figure 2J0). We further exam-
ined Sry expression in XY-Six1/Six4 dKO genital ridges from
E10.5 to E12.5 by qRT-PCR (Figure 2K). At E11.5, a transient in-
crease in Sry expression was observed in control XY-WT genital
ridges. However, this was not seen in the Six1/Six4 dKO. Sry
expression was significantly downregulated (more than a 100-
fold decrease) at E11.5, and no delayed Sry expression was
found in E12.5 XY-Six1/Six4 dKO genital ridges (Figure 2K).
In some male-to-female sex-reversal mice, such as B6-YPOS
mice, the ovarian somatic cell marker Foxl2 was expressed
in the pole regions and the testicular somatic cell marker
Sox9 was expressed in the central region (Wilhelm et al.,
2009). In E13.5 XY-Six1/Six4 dKO gonads, Foxl2 expression
was found in the entire region of the gonad (Figure S2),
suggesting that the ovarian program initiates in the entire
region of the gonad. This is considered to be accompanied
by an insufficient Sry expression level in most of the support-
ing cell precursors at the critical period (Figures 2I–2K).
Consistently, partial testis cord formation with stable high-level
Sox9 expression, which is seen in the central region of
the typical ovotestis structure in the other mice with XY sex
reversal, was not observed in XY-Six1/Six4 dKO gonads
(Figure 6H).(I) ChIP assay for the binding of Six1/Six4 to the Fog2 promoter region. ChIP assa
region). Both Six1 and Six4 significantly bind to the Fog2 promoter region (MEF
(Nega). IgG, negative control. Error bars indicate SEM.
See also Figure S3.
DevelopTherefore, reduced Sry and subsequent Sox9 expression led
to a failure of testis differentiation in XY-Six1/Six4 dKO embry-
onic gonads.
Six1 and Six4 Regulate Sry Expression Accompanied
by Fog2 Upregulation
Our findings suggested that Six1 and Six4 might regulate
Sry expression directly or indirectly. Wt1+KTS is reported to
act as a transcriptional activator or posttranscriptional regulator
of Sry (Hammes et al., 2001; Bradford et al., 2009). However,
Six1/Six4 dHet; Wt1+/– compound mutant (Six1+/–; Six4+/–;
Wt1+/–) embryos did not show impaired male differentiation in
embryonic gonads (data not shown; n = 2). This suggested
that Six1/Six4 regulation of male gonadal differentiation
might not depend on Wt1, at least in this genetic background.
Consistently, the expression of Wt1+KTS and other genes
implicated in Sry expression, such as Gata4, Cbx2, and
Gadd45g, were not significantly changed in E10.5 genital
ridges (Figure 3A). However, the expression of Fog2, also
involved in Sry expression, was markedly reduced in XY-Six1/
Six4 dKO genital ridges (qRT-PCR, Figure 3A; in situ hybridiza-
tion, Figures 3B–3C0; immunostaining, Figures 3D and 3E).
Prior to Fog2 expression, Six1 and Six4 were expressed in the
coelomic epithelium region of E9.5 WT embryos, where Nr5a1-
positive gonadal precursor cells will be generated (Figures S3A
and S3B). At E10.0–E10.5, Fog2 expression was increased in
WT but not in Six1/Six4 dKO, forming a genital ridge region as
revealed by Nr5a1 staining (Figure 3F). qRT-PCR analyses
further showed that Fog2 was upregulated at E10.5 in WT but
not in Six1/Six4 dKO genital ridges (Figure 3G).
We found putative Six1/Six4 binding consensus sequences
(MEF3 site) in the Fog2 untranslated region approximately
200 bp upstream of its translational start site (Figure 3H). How-
ever, MEF3 sites were not found in the putative Sry regulatory
region. Using the 500 bp flanking region of Fog2 that contains
the MEF3 site, we performed a luciferase reporter assay in
COS7 cells. Transfection of Six1/Six4 expression vectors signif-
icantly activated Fog2 reporter activity (Figure 3H). By contrast, a
mutated Fog2 reporter construct, which contains mutations in
theMEF3 site (Zhang and Stavnezer, 2009), showed significantly
reduced activity (Figure 3H).
We next performed chromatin immunoprecipitation (ChIP)
assays in Six1- or Six4-overexpressing cell lines and in wild-
type embryonic gonads. In Flag-Six1 or Flag-Six4 stably trans-
fected M15 mouse mesonephric cells, immunoprecipitation
with an anti-Flag antibody showed that both Six1 and Six4
bound specifically to the Fog2 flanking region containing the
MEF3 site (Figure S3C). In E13.5 tissues (gonads with a posterior
half of the trunk region), immunoprecipitation with an anti-Six1 or
anti-Six4 antibody also showed that these proteins bound sig-
nificantly to the Fog2 flanking region (Figure 3I).
Collectively, our findings suggested that Six1 and Six4 directly
regulate Fog2 expression, which may in turn upregulate Sry
expression in developing XY gonads (Figure 7).ys were performed in E13.5 tissues (gonads with the posterior half of the trunk
3) (*p < 0.02; n = 3), but not to the negative control region lacking MEF3 sites
mental Cell 26, 416–430, August 26, 2013 ª2013 Elsevier Inc. 421
(legend on next page)
Developmental Cell
Six1/Six4 Function in Gonadal Development
422 Developmental Cell 26, 416–430, August 26, 2013 ª2013 Elsevier Inc.
Developmental Cell
Six1/Six4 Function in Gonadal DevelopmentThe Number of Gonadal Precursor Cells Is Significantly
Reduced before the Onset of Sry Expression in Forming
Six1/Six4 dKO Genital Ridges
In Six1/Six4 dKO embryos, we previously mentioned that
neonatal gonads were smaller than WT gonads in both sexes
(Figures 1A–1H0). At E13.5, Six1/Six4 dKO gonads were already
undersized in both sexes (Figures 4A–4H). Compared with
XY-WT gonads, XY-Six1/Six4 dKO gonads were morphologi-
cally distinct. In addition to being smaller, the epithelial layer
had a wave-like formation (Figures 4E–4F0). A similar epithelial
layer structure was also found in XX-Six1/Six4 dKO gonads (Fig-
ures 4H and 4H0), but was not observed in gonads at E15.5 in
either sex (data not shown).
Indeed, poor growth and/or a potential delay in the develop-
ment of Six1/Six4 dKO gonads were already observed at E11.5
(Figures 2I–2J0) or E11.0 (Figures 3B–3E). These findings sug-
gested that the loss of Six1/Six4 might interfere with embryonic
gonad formation. At E10.5, before the onset of Sry expression,
markedly fewer Gata4-positive gonadal precursor cells were
found in the Six1/Six4 dKO genital ridge (Figures 4I and 4J). Simi-
larly, the expression of Nr5a1 in gonadal precursor cells in the
coelomic epithelium was also considerably reduced (Figures 4I
and 4K). At E11.5, when Sry expression peaks, the number of
Gata4- or Nr5a1-positive precursors found in the coelomic
epithelium region was still smaller than WT (Figures 4I–4K).
Furthermore, no or only a few positive cells were found in the
mesenchymal region of the Six1/Six4 dKO genital ridge (Figures
4I–4K). In E12.5 Six1/Six4 dKO embryos, Gata4- or Nr5a1-posi-
tive gonads were smaller than their WT counterparts (Figure 4I).
The reduction and/or delayed formation of the cells in the
mesenchyme region of the gonad might be some of the reasons
that account for the wave-like formation of the epithelial layer.
Nevertheless, the Six1/Six4 dKO gonads failed to enlarge,
possibly because of the reduction of cells in the whole gonad.
The epithelial layer might then invaginate and form a wave-like
structure as shown in E13.5 gonads (Figures 4A–4H0).
Six1 and Six4 Regulate Gonadal Precursor Cell
Formation and Upregulate Nr5a1 Expression
In E10.5 Six1/Six4 dKO genital ridges, the mean number of
Nr5a1-positive cells (7.0 ± 0.8 [means ± SD]) was much smaller
than that of Gata4-positive cells (18.0 ± 0.8). Conversely, in E10.5
WT genital ridges, the number of Nr5a1-positive cells (47.7 ± 2.1)
was not changed, or was even slightly increased, compared with
that of Gata4-positive cells (42.7 ± 2.1) (Figures 4J and 4K). This
suggested that in Six1/Six4 dKO embryos, Nr5a1 expression
might not be upregulated in the gonadal precursor cells, leading
to impaired Nr5a1-positive cell formation.Figure 4. Number of Gonadal Precursor Cells Is Significantly Reduced
(A–H0 ) Histological analyses of E13.5 gonads. Testicular tubule formation was ob
dKO gonad.
(A–D) Whole-mount view.
(E–H0) HE-stained sections. (A, E, and E0) XY-wild-type. (B, F, and F0) XY-Six1/Six4
and H0) Magnified view of the boxed areas in (E), (F), (G), and (H), respectively. S
(I) Immunostaining for Gata4, Nr5a1 (red), and laminin (green) in E10.5 (ts3), E11.5
fewer Gata4- and Nr5a1-positive gonadal precursor cells were found in the Six
indicates forming gonad. Scale bars represent 100 mm.
(J and K) The mean number of Gata4-positive (J) and Nr5a1-positive cells (K) in E1
Nr5a1-positive gonadal precursor cells was significantly reduced in the Six1/Six4
DevelopSimilarly, qRT-PCR analysis of E10.5 Six1/Six4 dKO gonads
showed a marked reduction in Nr5a1 expression, which is impli-
cated in the formation and development of the bipotential
embryonic gonad (Figure 5A). However, we were unable to
detect changes in other genes involved in this process, such
as Lhx9, Emx2, or Wt1–KTS, suggesting these changes were
specific for Nr5a1. Whole-mount in situ hybridization and immu-
nostaining further revealed that Nr5a1 was downregulated in
E11.5 Six1/Six4 dKO gonadal cells (Figures 5B–5E).
Six1 and Six4 were expressed in the coelomic epithelium
region of WT embryos before Nr5a1-positive gonadal progenitor
cell formation (Figures S3A and S3B). At E11.0, Six1 expression
was colocalized with high Nr5a1 expression in the coelomic
epithelium cells of WT embryos (Figure 5F). Six4 was also
expressed in the coelomic epithelium region, with some cells
showing high expression levels that colocalized with high
Nr5a1 expression (Figure 5F, arrowheads).
Nr5a1-positive gonadal precursor cell formation began in the
coelomic epithelium at around E9.5 (Figure 5G). Both low- and
high-Nr5a1-expressing cells were initially found in the coelomic
epithelium region of E10.0 WT embryos. Thereafter, predomi-
nantly the high-Nr5a1-expressing cells increased in number
from E10.0 to E11.5 in this region (Figures 4I and 5G). In Six1/
Six4 dKO embryos, by contrast, there was no upregulation of
Nr5a1 in the coelomic epithelial cells. At E10.0, the number of
Nr5a1-expressing cells that initially formed was reduced, and
the Nr5a1 expression level was lower than that in the WT (Fig-
ure 5G). The number of strongly Nr5a1-positive cells was not
considerably increased from E10.0 to E11.5 in the coelomic
epithelium region (Figures 4I and 5G). Instead, many weakly
Nr5a1-positive cells were observed in the forming genital ridges
of Six1/Six4 dKO embryos (Figures 4I and 5G). qRT-PCR ana-
lyses further showed that the initialNr5a1 activation was reduced
as early as E9.5 in the Six1/Six4 dKO coelomic epithelium region
(Figure S4A).
We then used the 1 kb 50 upstream flanking region of Nr5a1
that contains the putative Six1/Six4 binding sites (ca. 500 bp
upstream of the translational start site), or one with mutations
in these sites, as reporter constructs in luciferase assays in
COS7 cells. We found that Six1/Six4 significantly activated the
wild-type, but not the mutated, Nr5a1 reporter (Figure 5H).
ChIP assays showed that both Six1 and Six4 bound specif-
ically to the Nr5a1 flanking region (MEF3 region) in Flag-Six1 or
Flag-Six4 stably transfected M15 cells (Figure S4B). We also
performed ChIP assays from E13.5 gonads, but were unable to
detect clear signals. It has been reported that Nr5a1 expression
is regulated through several lineage-specific enhancers, such as
the fetal Leydig cell-specific enhancer in the embryonic gonadin Forming Six1/Six4 dKO Genital Ridges
served in (A and E) E13.5 XY-wild-type gonad but not in (B and F) XY-Six1/Six4
dKO. (C, G, and G0) XX-wild-type. (D, H, and H0) XX-Six1/Six4 dKO. (E0, F0, G0,
cale bars represent 100 mm.
(ts18), and E12.5 WT and Six1/Six4 dKO genital ridges. Note that significantly
1/Six4 dKO genital ridge before the onset of Sry expression. The dashed line
0.5 and E11.5 WT and Six1/Six4 dKO genital ridges. The number of Gata4- and
dKO genital ridges (*p < 0.005; n = 3). Error bars indicate SD.
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Figure 5. Nr5a1 Is a Target of Six1/Six4 in Gonadal Formation
(A) qRT-PCR analyses ofNr5a1, Lhx9, Emx2, andWT1 (–KTS), genes implicated in the formation and/or development of the gonadal primordium in E10.5 (ts7–ts9)
Six1/Six4 dKO undifferentiated genital ridges. OnlyNr5a1 expression showed a significant reduction inSix1/Six4 dKO genital ridges (**p < 0.005; n = 3). Error bars
indicate SD.
(B–E) Nr5a1 expression level was markedly downregulated in Six1/Six4 dKO gonadal somatic cells. (B and C) Whole-mount in situ hybridization of Nr5a1 in (B)
wild-type and (C) Six1/Six4 dKO E11.5 (ts18) genital ridges. (D and E) Immunostaining for Nr5a1 in (D) wild-type and (E) Six1/Six4 dKO E11.5 (ts18) genital ridges.
The dashed line in (E) indicates a gonad.
(F) Immunostaining for Six1 (green in left panels), Six4 (green in right panels), andNr5a1 (red) in wild-type E11.0 (ts12) genital ridges. Six1 and Six4were expressed
in coelomic epithelial cells, where Nr5a1-positive gonadal precursors are generated. High Six4 expression colocalized with high Nr5a1 expression (arrowheads).
Lower panels are a magnified view of the boxed area in the upper panels.
(legend continued on next page)
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Six1/Six4 Function in Gonadal Development(Shima et al., 2012). Accordingly, Nr5a1 expression was partially
restored in E13.5 Six1/Six4 dKO gonads (ca. 32% reduction),
compared with that in E9.5 or E10.5 Six1/Six4 dKO genital ridges
(ca. 81% and 77% reduction, respectively) (Figure 5A; Fig-
ure S4A). These findings suggest that Six1/Six4 might regulate
Nr5a1 expression in the gonadal precursors but not in the differ-
entiated gonadal somatic cells in E13.5 gonads.
M15 cells showed endogenous Six1 and Six4 expression, and
we found that endogenous Nr5a1 was upregulated after Six1 or
Six4 transgene overexpression (data not shown). ChIP assays
from nontransfected M15 cells using an anti-Six1 or anti-Six4
antibody showed that both Six1 and Six4 bound specifically to
the Nr5a1 flanking region (Figure 5I).
Furthermore, we studied a gene-dosage-dependent effect
of Nr5a1 on gonadal progenitor cell formation. Depletion of one
copy of Nr5a1 from E10.5 Six1/Six4 dHet embryos (Six1+/–;
Six4+/–; Nr5a1+/–) resulted in reduced Nr5a1-positive precursor
cell formation in an Nr5a1-expression-level-dependent manner.
Six1+/–; Six4+/–; Nr5a1+/– genital ridges showed reduced Nr5a1
expression (ca. 66% reduction) compared with Six1/Six4 dHet
genital ridges by qRT-PCR (Figure S4C). The mean number of
Nr5a1-positive cells in Six1+/–; Six4+/–; Nr5a1+/– genital ridges
(31.7 ± 1.7) was significantly smaller than in Six1/Six4 dHet gen-
ital ridges (45.3 ± 1.7, p < 0.001 by Student’s t test) (Figures S4D–
S4G0). However, Six1+/–; Six4+/–; Nr5a1+/– embryos did not
appear to show impaired Sry expression and subsequent male
gonadal differentiation, at least in this genetic background
(data not shown; n = 3).
Together, our findings indicate that Six1/Six4 might directly
transactivate Nr5a1 expression, which is implicated in gonadal
size determination by regulating gonadal precursor cell forma-
tion (Figure 7).
Forced Sry Expression Rescues Testis Cord Formation
in XY-Six1/Six4 dKO Gonads
Six1/Six4 dKO gonads were undersized in both sexes, accom-
panied by reduced Nr5a1 expression. This suggested that the
impaired testis differentiation might have resulted from poor
growth of XY-Six1/Six4 dKO genital ridges or from reduced
Nr5a1 expression, rather than from reduced Sry expression. To
test this possibility, we performed a rescue experiment using
theHsp-Sry transgenic mouse line (SryTg/+), in which a Sry trans-
gene is driven by a weak basal promoter from Hsp70.3. It has
previously been shown that XX mice carrying this transgene
become male (Kidokoro et al., 2005).
Forced Sry transgene expression was sufficient to promote
the male differentiation of XY-Six1/Six4 but not XX-Six1/Six4(G) Immunostaining for Nr5a1 (red) and laminin (green) in E9.5, E10.5 (ts1), and E10
cell formation was started at around E9.5 in WT embryos. Both weak and high-N
cells appeared to be predominantly increased at E10.5 in the coelomic epithelium
(blue). Scale bars represent 50 mm.
(H) Luciferase reporter assay for theNr5a1 promoter (ca. 1 kb), which contains the
the Nr5a1 reporter construct (*p < 0.05; n = 8), whereas Six1/Six4 failed to activa
abolishes Six1/Six4 binding (*p < 0.05; n = 8). Error bars indicate SD.
(I) ChIP assay for binding of Six1/Six4 to the Nr5a1 promoter region. ChIP assay w
Six4 significantly bound to the Nr5a1 promoter region (MEF3) (**p < 0.005; n = 3)
control. Error bars indicate SEM.
See also Figure S4.
DevelopdKO gonads (Figure 6; Figure S5). At E19.0 and E13.5, gonads
from XY-Six1/Six4 dKO embryos with the Hsp-Sry transgene
(XY-Six1/Six4 dKO; SryTg/+) showed testis cord formation similar
to XY-WT testes (Figures 6A–6F0 and 6J–6L). The size of the XY-
Six1/Six4 dKO; SryTg/+ gonads was larger than those of XY-Six1/
Six4 dKO embryos, but still smaller than those of XY-WT
embryos (Figures 6A–6F and 6J–6L). The expression of Sox9 in
Sertoli cells, which are found in the testis cord, was also partially
restored in E19.0 and E13.5 XY-Six1/Six4 dKO; SryTg/+ gonads
(Figures 6G–6I and 6M–6N0). Furthermore, the number of
Sox9-positive cells at E13.5 was significantly increased in XY-
Six1/Six4 dKO; SryTg/+ gonads compared with those from XY-
Six1/Six4 dKOgonads (Figure 6O), but were still fewer than those
from XY-WT gonads (Figure 2H). At E10.5, however, the number
of Gata4- and Nr5a1-double-positive gonadal precursor cells in
Six1/Six4 dKO; SryTg/+ embryos (18.3 ± 0.8) was not significantly
different compared with the number in Six1/Six4 dKO embryos
(20.5 ± 2.1, p > 0.1) (Figure 6P). By contrast, these numbers in
Six1/Six4 dKO and Six1/Six4 dKO; SryTg/+ embryos were much
smaller than those in WT embryos (41.5 ± 0.7, compared with
one in Six1/Six4 dKO or Six1/Six4 dKO; SryTg/+, p < 0.005,
respectively) (Figure 6P).
Taken together, we propose that Six1/Six4-mediated Sry
upregulation is necessary for male gonadal differentiation.
DISCUSSION
In the present study, we found that Six1/Six4 play essential
roles in sex determination and size determination of the mouse
embryonic gonad. These two processes are considered to be
regulated by distinct transcriptional networks. First, Six1/Six4
transactivate Nr5a1, which is implicated in the initial growth of
gonadal precursor cells before the onset of Sry expression. Sec-
ond, they transactivate Fog2, which is implicated in the upregu-
lation of Sry in male gonadal differentiation (Figure 7).
Although Sry is well known as the sex determination gene in
mammals, the genetic interactions controlling Sry expression
remain poorly understood. In the present study, we identified
Fog2 as a direct target of Six1/Six4, which is considered neces-
sary for the upregulation of Sry. It is possible that Six1/Six4 may
directly regulate Sry expression. However, comparison of the
SRY 50-flanking regions in the genomic sequences of different
mammalian species, such as human, bovine, pig, goat, and
mouse, has only identified the putative conserved binding sites
for transcription factors such as the GATA family and SOX/
SRY family, whereas MEF3 binding sites for Six1/Six4 have not
been detected (Margarit et al., 1998; Ross et al., 2008)..5 (ts5) WT and Six1/Six4 dKO genital ridges. Nr5a1-positive gonadal precursor
r5a1-expressing cells were initially found at E10.0, and high-Nr5a1-expressing
region of WT but not Six1/Six4 dKO embryos. Nuclei were stained with DAPI
Six1/Six4 binding sites (MEF3), in COS7 cells. Six1/Six4 significantly activated
te the Nr5a1 reporter construct with mutated MEF3 sites (mut MEF3 site) that
as performed in nontransfected M15 mouse mesonephric cells. Both Six1 and
but not to the negative control region without MEF3 sites (Nega). IgG, negative
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Figure 6. Forced Sry Expression Induces
the Male Differentiation Pathway in
XY-Six1/Six4 dKO Gonads
(A–L) Histological analyses of (A–I) E19.0 and (J–L)
E13.5 gonads. (A–C) Whole-mount view. (D–F0)
HE-stained sections. (D0, E0, and F0) Magnified
view of the boxed regions in (D), (E), and (F),
respectively. (G–I) Immunostaining for Sox9 (red).
(A, D, D0, G, and J) XY-WT. (B, E, E0, H, and K)
XY-Six1/Six4 dKO. (C, F, F0, I, and L) XY-Six1/Six4
dKO; SryTg/+ (Six1–/–; Six4–/–; SryTg/+) gonads, in
which the Hsp-Sry transgene is expressed.
Note that testicular tubule formation was induced
in XY-Six1/Six4 dKO; SryTg/+ gonads (F and F0,
arrows; n = 5), but not in XY-Six1/Six4 dKO gonads
(E and E0), similar to XY-wild-type (D and D0,
arrows), although the size of the XY-Six1/Six4
dKO; SryTg/+ gonads was smaller than those of
the XY-wild-type (A and C). Epididymis generation
was also found in XY-Six1/Six4 dKO; SryTg/+ (C)
but not XY-Six1/Six4 dKO gonads (B). The size of
XY-Six1/Six4 dKO; SryTg/+ gonads was larger than
one of the XY-Six1/Six4 dKO on E19.0 (B and C)
and E13.5 (K and L). Sox9 immunohistochemical
staining further confirmed testicular tubule for-
mation in E19.0 XY-Six1/Six4 dKO; SryTg/+ gonads
(I), whereas few Sox9-positive cells were detected
in XY-Six1/Six4 dKO gonads (H).
(M–N0) Immunostaining for Sox9 (red) in E13.5
gonads. (M0 and N0) Magnified view of the boxed
regions in (M) and (N), respectively. White lines in
(M) and (N) indicate a gonadal region. Expression
of Sox9 was induced by the Hsp-Sry transgene,
and the initiation of seminiferous tubule formation
was found in E13.5 XY-Six1/Six4 dKO; SryTg/+
gonads (N and N0). Dashed circles in (N0) indicate
forming seminiferous tubules.
(O) The mean number of Sox9-positive cells in
E13.5 XY-Six1/Six4 dKO; SryTg/+ gonads (334 ± 29
[means ± SD] cells/section) was significantly
higher than that in XY-Six1/Six4 dKO gonads (94 ±
12 cells/section; *p < 0.0001; n = 4). Error bars
indicate SD.
(P) Immunostaining for Gata4 (green) and Nr5a1
(red) in E10.5 (ts4–ts7) genital ridges. The Six1/
Six4 dKO; SryTg/+ embryo showed reducedGata4-
and Nr5a1-double-positive gonadal precursor cell
formation (18.3 ± 0.8 cells/section), similar to the
Six1/Six4 dKO embryo (20.5 ± 2.1; p > 0.1; n = 2).
These numbers were significantly smaller than in
the wild-type (41.5 ± 0.7, compared with one in
Six1/Six4 dKO or Six1/Six4 dKO; SryTg/+, p <
0.005, respectively).
Scale bars represent 1 mm (A–C), 200 mm (D–N),
and 100 mm (P). See also Figure S5.
Developmental Cell
Six1/Six4 Function in Gonadal DevelopmentRecently, Gadd45g, which is identified as a gene upregulated
by agents that cause DNA damage, showed increased expres-
sion at the onset of Sry expression in genital ridges in both sexes
(Gierl et al., 2012; Warr et al., 2012). This increased expression of
Gadd45g is considered to regulate stage-specificSry expression
by interacting with the mitogen-activated protein kinase (MAPK)426 Developmental Cell 26, 416–430, August 26, 2013 ª2013 Elseviekinase kinase Map3k4, which is also reported to be required
for Sry expression (Bogani et al., 2009). The Gadd45g/Map3k4
pathway may transiently activate Gata4 by phosphorylation,
which in turn upregulates Sry expression (Gierl et al., 2012;
Warr et al., 2012). In Six1/Six4 dKO genital ridges, however,
expressionofGadd45gandMap3k4wasnotchanged (Figure3A;r Inc.
Figure 7. Six1/Six4 Play Essential Roles in Size Determination and
Testis Determination of Mouse Embryonic Gonads by Regulating
Two Distinct Transcriptional Networks
In gonadal sex determination, Six1/Six4 are considered to upregulate Sry
through Fog2 transactivation. Fog2 interacts with activated Gata4, which
might be transiently regulated by its phosphorylation by the Gadd45g/Map3k4
pathway. Fog2/Gata4 then transactivates Sry to induce gonadal differentiation
into testis. In gonadal size determination, Six1/Six4 are considered to control
Nr5a1 transactivation and the growth of Nr5a1- and Gata4-positive precursor
cells of gonadal somatic cells before Sry expression. Nr5a1 is essential for
gonadal primordium formation, and the dose-dependent expression level of
Nr5a1 might be crucial for gonadal precursor growth and size determination.
Developmental Cell
Six1/Six4 Function in Gonadal Developmentdata not shown). Because Fog2 is an essential cofactor for Gata4
in Sry expression (Tevosian et al., 2002), continuous activation
of the Six1/Six4-Fog2 pathway at the onset of Sry expression is
required for stage-specific Sry upregulation. In addition, it is
possible that not only reduced Fog2 expression but also reduced
genital ridge size may also contribute to the lower expression
levels of Sry in Six1/Six4 dKO embryos.
NR5A1 haploinsufficiency in humans causes amale-to-female
sex-reversal phenotype (Achermann et al., 1999, 2002; Biason-
Lauber and Schoenle, 2000). Although Nr5a1+/– B6 XY mice
did not show an evident sex-reversal phenotype, a dose-depen-
dent Nr5a1 effect onmale gonadal differentiation was reported in
Nr5a1+/– B6 XYAKR mice (Correa et al., 2012). Furthermore,
Nr5a1 is required together with Sry for Sox9 transactivation in
pre-Sertoli precursor cells through the testis-specific enhancer
region of Sox9 (Sekido and Lovell-Badge, 2008). Therefore, in
addition to reduced Sry expression, reduced Nr5a1expression
may also influence the male differentiation of XY-Six1/Six4
dKO gonads. However, forced Sry transgene expression could
induce Sox9 expression and testis cord formation in XY-Six1/
Six4 dKO gonads (Figure 6). Therefore, high levels of Nr5a1
expression are important for male differentiation, but the partially
reduced Nr5a1 expression level in XY-Six1/Six4 dKO gonads
might be sufficient for testis cord formation, at least when the
Sry transgene is expressed.DevelopNr5a1 is also known as one of the earliest markers of somatic
lineage precursors of the gonad and adrenal gland (Ikeda et al.,
1994; Hatano et al., 1994), and its absence leads to a failure in the
formation of these cells (Luo et al., 1994; Shinoda et al., 1995;
Sadovsky et al., 1995). In Fog2 mutant gonads, Nr5a1 expres-
sion is unaffected, suggesting that Six1/Six4 regulate Nr5a1
expression independently of Fog2 (Tevosian et al., 2002).
Coelomic epithelial cells, which express Six1 and Six4, are
thought to be precursors of Nr5a1-positive gonadal precursor
cells. In Drosophila, Six family genes are known to regulate
cell-fate determination and/or cell-type-specific differentiation
factors. For example, D-Six4 is required for the normal develop-
ment of muscle and the gonadal mesoderm, and is also a key
mesodermal patterning factor underlying fate determination
and development in the nondorsal mesoderm (Kirby et al.,
2001; Clark et al., 2006). In the mouse gonadal primordium,
therefore, Six1/Six4 may play important roles in the formation
of gonadal precursor cells, possibly through Nr5a1 upregulation
in the coelomic epithelium.
It has been proposed that Nr5a1 acts dose dependently. In
Nr5a1+/– mouse embryos, the adrenal glands were underdevel-
oped and had reduced cellular proliferation (Bland et al., 2004).
Similarly, Six1/Six4 dKO embryos, in which Nr5a1 expression
was reduced, also showed smaller gonads and adrenal glands
than WT counterparts (gonad, Figures 1A–1G and 4A–4H; adre-
nal gland, Kobayashi et al., 2007). Furthermore, Six1+/–; Six4+/–;
Nr5a1+/– embryos showed reduced Nr5a1-positive precursor
cell formation in an Nr5a1-expression-level-dependent manner
(Figures S4C–S4G0). Therefore, these findings suggested that
Six1/Six4-mediated Nr5a1 upregulation might regulate gonadal
precursor formation and subsequent gonadal size determination
in part.
The proliferation of gonadal somatic cells at around E11.0
(a specific 8 hr period), which coincides with the initiation of
Sry expression, has been shown to be required for normal testis
determination (Schmahl and Capel, 2003). During E11.25–E11.5,
furthermore, Sry-dependent coelomic epithelial cell proliferation
is also shown to be crucial for the recruitment of pre-Sertoli
cell precursors from the coelomic epithelium, leading to testis
cord formation in developing XY gonads (Schmahl et al., 2000;
Schmahl andCapel, 2003). In XY-Six1/Six4 dKO;SryTg/+ gonads,
Sry transgene expression induced testis cord formation but
did not rescue the defective growth of the gonadal precursors
at E10.5 (Figure 6). These findings suggest that in spite of
having fewer initial gonadal precursor cells before E11.0, the
Sry transgene is considered to induce testis-specific coelomic
epithelial cell proliferation and the subsequent recruitment of
pre-Sertoli cell precursors, which are required for testis cord
formation in XY-Six1/Six4 dKO; SryTg/+gonads. Further charac-
terization of the gonadal precursor cells and their dynamics
before and after E11.0–E11.25 in Six1/Six4 dKO; SryTg/+
embryos is required to elucidate the relationship between early
precursor cell proliferation and testis determination in devel-
oping XY gonads.
In XX-Six1/Six4 dKO; SryTg/+ gonads, conversely, the Sry
transgenewas unable to induce testis cord formation (Figure S5).
A similar phenomenon has been observed in XX-Cbx2–/–
embryos (Katoh-Fukui et al., 2012). The molecular mechanisms
underlying these phenomena are currently unclear. It is possiblemental Cell 26, 416–430, August 26, 2013 ª2013 Elsevier Inc. 427
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Six1/Six4 Function in Gonadal Developmentthat Sry transgene expression levels might be insufficient to
induce testicular differentiation in XX mutant gonads. Alterna-
tively, when XX embryos lack Six1/Six4 or Cbx2, the presence
of two X chromosomes and/or the absence of a Y chromosome
might inhibit Sry-dependent testicular differentiation.
In human patients, deletion at 14q22-23, which includes the
genes BMP4, OTX2, RTN1, SIX6, SIX1, and SIX4, leads to a
contiguous gene syndrome comprising anophthalmia, pituitary
hypoplasia, ear anomalies, and also gonadal underdevelopment
(Nolen et al., 2006). Our findings therefore suggest the possible
association of the Six1/Six4-NR5A1 pathway with gonadal
developmental defects in human patients.
EXPERIMENTAL PROCEDURES
Mouse Strains
Mice carrying a mutant allele of Six1/Six4, which are linked within a 100 kb
genomic region on chromosome 12, were generated as previously described
(Konishi et al., 2006). Either the EGFP or LacZ gene was inserted into the first
coding exon of Six1 or Six4 in-frame. Hsp70-Sry transgenic mice (SryTg/+) car-
rying a Sry transgene driven by a weak basal promoter of Hsp70.3 (Kidokoro
et al., 2005) were used in the rescue experiment (C57BL/6 genetic back-
ground). Procedures for the genetic interaction studies and genotyping are
provided in Supplemental Experimental Procedures. All animal experiments
were approved by the Animal Care and Use Committee of Kumamoto Univer-
sity (A24-110). Developmental stages of dissected embryos were classified by
tail-somite (ts) number as follows: E9.5 (at around ts0), E10.5 (ts6), E11.0 (ts12),
and E11.5 (ts18).
RNA Extraction and Real-Time Quantitative PCR
Procedures for RNA extraction, qRT-PCR, and primer information are pro-
vided in Supplemental Experimental Procedures. At least three independent
samples of each genotype were analyzed in duplicate qPCR reactions.
mRNA expression levels were normalized to Actb and the levels in wild-type
were set at 1.
Histology, Immunohistochemistry, and In Situ Hybridization
Procedures for histological staining, immunohistochemistry, and in situ
hybridization were described previously (Tanaka et al., 2013; Yamaguchi
et al., 2011). Imaging procedures and riboprobe and antibody information
are given in Supplemental Experimental Procedures. Guinea pig anti-Sry an-
tibodies were generated by immunization with histidine-tagged recombinant
Sry protein (S.K. and M.T., unpublished data). Cell counts were performed on
images of transverse sections of gonads (at least n = 2 independent
embryos).
Reporter Assay
A 475 bp Fog2 promoter region (–762 to –288 from the translational start site)
or a 981 bp Nr5a1 promoter region (–1172 to –192 from the translational start
site) containing putative Six binding sequences (MEF3 site; 50-TCAGGN-30;
Parmacek et al., 1994) was inserted into the multiple cloning site of a
pGL4.23 (luc2/minP) luciferase reporter vector (Promega). Detailed proce-
dures for the reporter assay in COS7 cells are provided in Supplemental Exper-
imental Procedures.
Chromatin Immunoprecipitation Assays
ChIP assays were performed from approximately 1.5 3 107 cells from embry-
onic tissues (gonads with the posterior half of the trunk region) or from non-
transfected M15 cells (a mouse mesonephric cell line; Larsson et al., 1995)
using an anti-Six1 (sc-9709; Santa Cruz) or anti-Six4 antibody (ab87242;
Abcam) and a ChIP assay kit (Millipore) according to the manufacturer’s pro-
tocols. IgG (Santa Cruz) was used as a negative control. Immunoprecipitated
DNAs were analyzed by quantitative PCR. The levels were normalized to
those of input. Primer sequences are shown in Supplemental Experimental
Procedures.428 Developmental Cell 26, 416–430, August 26, 2013 ª2013 ElsevieStatistical Analyses
Statistical analyses were performed using the Student’s t test.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and five figures and can be found with this article online at http://dx.doi.org/
10.1016/j.devcel.2013.06.018.
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